We report on the room-temperature electrical rectification at 1.5 THz of a unipolar nanodiode based on symmetry breaking in a nanochannel. The exploitation of its nonlinear diodelike characteristic and intrinsically low parasitic capacitance enables rectification at ultrahigh speed. The zero-voltage threshold and unique planar layout make the nanodiode suitable for building large arrays. This is the highest speed reported in nanorectifiers to date.
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Interest in terahertz ͑THz͒ technology ͑1 THz =10 12 Hz͒ has been growing steadily given its outstanding potential and social impact. [1] [2] [3] [4] Several security applications have been envisaged, since the spectral signature of many explosives and chemical weapons are easily detected at THz frequencies. Furthermore, most clothes are transparent in this frequency range, making concealed weapons easier to be detected without the hazard of x-ray and improving the effectiveness of security checks in sensitive areas such as airports. So far, solid-state devices that are able to operate with a frequency bandwidth in the THz region have several major disadvantages, such as being commonly expensive, bulky, or requiring cryogenic cooling. This has remained as the main bottleneck to the development of compact, cost-effective THz systems. In the higher end of the THz spectrum, commonly referred to as far-and mid-infrared regime, compact solid-state, ultrafast diodes could potentially be used to harvest industrial waste heat which radiates at tens of THz. 5 Similarly, a considerable part of the solar frequency spectrum also lies within the THz region, and a huge research effort with a large injection of capital, has been made in order to develop an effective way to convert this energy to usable dc electricity. Unfortunately, current solid-state solar technologies-such as photovoltaics-are unable to capture the energy radiated at THz frequencies due to the physical limitations of their band-to-band absorption working principle. 6 Although some result has been achieved in exploring thermoelectric devices, their efficiency is generally too low to be considered as a viable technology for thermal or mid-infrared energy harvesting. 7 In these regards, developing solid-state, room-temperature THz diodes could potentially benefit a few disciplines. Schottky diodes are currently the most well-developed devices capable of detecting THz radiation at room temperature, but at the expenses of a challenging fabrication. Their coupling with antennas and waveguide as well as the fabrication of large arrays also pose additional engineering issues. 8 Resonant THz detectors based on the Dyakonov-Shur effect are also a viable alternative, but they require a tunable bias.
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Here we present the THz operation at room temperature of a device based on the rectenna paradigm. 5, 10, 11 The radiation is collected by a planar THz microantenna, and rectified by a unipolar nanodiode, namely, a self-switching device ͑SSD͒, which is based on an asymmetric nanochannel ͑Fig. 1͒. [12] [13] [14] The SSD is realized by tailoring the boundary of a narrow semiconductor channel to break its symmetry as shown in Fig. 1͑a͒ . An applied voltage V not only changes the potential profile along the channel direction but also either widens or narrows the effective channel width, depending on its sign. With the device unbiased ͑V =0͒, the effective channel width is almost pinched off by the surface states on a͒ Author to whom correspondence should be addressed. Electronic mail: claudio.balocco@manchester.ac.uk. the etched boundaries. A negative bias ͑V Ͻ 0͒ further depletes the channel whereas a positive bias ͑V Ͼ 0͒ counteracts the lateral depletion widening the effective width of the channel. This results in a strong nonlinear current-voltage ͑I-V͒ characteristic, resembling that of a conventional diode, plotted in Fig. 1͑b͒ , but without using any doped junctions or any tunneling barriers. The SSD is entirely based on geometrical symmetry breaking at the nanoscale. It can, therefore, operate with a geometrically defined zero-voltage threshold which is independent of the material utilized. Moreover, the active area of the SSD is defined by a single high-resolution lithography step, thus avoiding the daunting alignment steps necessary for the fabrication of conventional vertical diodes. The single-step process makes the manufacturing of the nanodiodes compatible with cost-effective fabrication methods, such as nanoimprinting lithography ͑NIL͒. The device geometry can also benefit from multilevel NIL, 15, 16 which can be potentially utilized to define simultaneously both the antenna and the nanorectifier patterns, enabling denser structures at a lower cost.
The rectennas were fabricated out of a GaAs/AlGaAs wafer grown by molecular-beam epitaxy, sketched in Fig.  1͑d͒ , in which free electrons were confined to a twodimensional electron gas ͑2DEG͒ in a quantum well located 50 nm below the surface. The carrier density and the electron mobility at a temperature of 300 K were 5.95ϫ 10 11 cm −2 and ϳ7000 cm 2 / V s, respectively; at a temperature of 77 K were 5.55ϫ 10 11 cm −2 and ϳ72000 cm 2 / V s, respectively, as determined by Hall measurements. The fabrication started with the definition of mesa structures to insulate adjacent devices by an H 3 PO 4 / H 2 O 2 / H 2 O-based etch solution. Ohmic contacts were formed by thermal evaporation of a 50 nm Au/Ge/Ni alloy followed by 200 nm of Au and annealing at 420°C. The THz antenna consists of a selfcomplementary bow-tie structure realized by thermal evaporation of a 200 nm Au layer. Figure 1͑c͒ shows an optical micrograph of the antenna. This design was chosen because of its simplicity and robustness to the variation in geometrical parameters as well as its reasonable wide band, and it is widely employed in THz systems. 17, 18 The selfcomplementary structure also provides real radiation impedance. However, the low antenna impedance of 72 ⍀ ͑calculated as in Ref. 15͒ being mismatch to the SSDs' ͑ap-proximately 150 k⍀͒ prevented an effective power transfer, which resulted in suboptimal noise performance. The coupling to the Gaussian THz beam also suffered due to the antenna radiation pattern. 17 More advanced antenna designs are likely to improve the overall performance. SSDs were exposed in polymethylmethacrylate ͑PMMA͒ by electronbeam lithography and subsequently transferred into the substrate by a Br 2 / HBr/ HNO 3 / H 2 O-based wet etching, suitable for nanostructure fabrication. Four SSDs operating in parallel were placed in the antenna gap, in order to reduce the overall impedance and reducing the effect of the parasitic capacitance. The channels of the SSDs were 1500 nm long and 210 nm wide, the trench width and depth were 110 nm and 130 nm, respectively, as determined by atomic-force micrographs. The design of the nanochannels was intentionally kept relatively wide, in order to provide a zero-threshold rectifier.
The THz beam was generated with a free-electron laser ͑FELBE at the Forschungszentrum Dresden-Rossendorf, Germany͒ and was focused on the rectenna by means of an off-axis parabolic mirror. The rectenna was mounted in a continuous-flow He cryostat with a diamond window transparent at THz frequencies. The polarization of the radiation was parallel to the antenna and could be rotated of 90°by a four-mirror polarizer. The rectenna output was read out by a lock-in amplifier with the reference frequency provided by an optical chopper. A tunable dc bias could be applied to the rectenna trough a current source. Figure 2 shows the diagram of the measurement setup.
The rectified dc output as a function of the current bias at room temperature ͑300 K͒ at 1.5 THz is shown in Fig. 3 . This is the highest speed reported at room temperature in nanorectifiers to date. The power delivered to the SSD antenna was estimated to be approximately 100 W, taking into account the THz-beam diameter and the antenna effec-FIG. 2. ͑Color online͒ Diagram showing the measurement setup. The THz beam generated by FELBE was focused by a parabolic mirror onto the rectenna. The THz beam was stirred through a four-mirror polarizer to rotate the polarization of 90°by a set of flip mirrors. A current source biased the rectenna and the rectified voltage was read out with a lock-in amplifier. A calibrated power meter and an aperture were also used to estimate the actual power density on the device .   FIG. 3 . ͑Color online͒ Rectified-voltage output from the rectenna at 1.5 THz as a function of the SSD dc bias at room temperature ͑300 K͒. The power of the THz radiation was kept constant at 100 W. Changing the dc allows for probing the different features and nonlinearity of the rectenna. The highest sensitivity was 300 mV/mW at a bias of 100 nA.
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tive area. At zero bias, the device detection efficiency was 150 mV/mW, and the highest achieved was 300 mV/mW with a bias current of 100 nA. The dependence reflects the nonlinearity and differential resistance of the SSDs. The amount of dc rectified by the SSDs is proportional to the nonlinearity of the I-V characteristic ͑bowing coefficient͒, which increases with the current up to a certain bias level, and then slowly decreases due to the parasitic resistance in series with the SSDs. The dc is loaded on the differential resistance, which decreases as the bias current increases. 19 Hence, the combination of both parameters as a function of the bias current results in the curve reported in Fig. 3 . When the polarization was rotated of 90°no significant signal was detected, indicating that the SSDs were only sensitive to the radiation received by the antenna, rather than environmental disturbances, such as local heating. At zero bias and for frequencies high enough to neglect excess noises ͑typically above 1 MHz͒, the noise generated by the device is mainly due to thermal fluctuations in the channel ͑Johnson-Nyquist noise͒ with a power spectral density S v =4kTR, where k is the Boltzmann's constant, T the absolute temperature, and R the channel resistance. 20 The channel resistance at room temperature is approximately 150 k⍀, yielding a voltage noise spectral density of ϳ50 nV/ Hz 1/2 . The room-temperature noise equivalent power at zero bias can then be estimated from the measured sensitivity of 150 mV/mW, and it is approximately 330 pW/ Hz 1/2 at frequencies above 1 MHz, comparable to the values typically reported for Schottky diodes. 8 Furthermore, the excess noise at lower frequencies, i.e., flicker noise and thermal noise can be strongly reduced by using larger arrays of SSDs connected in parallel ͑details to be published elsewhere͒. The rectenna performance, in term of noise and sensitivity, can also be improved by cooling. This allowed us to study the dependence of the rectified voltage as a function of the radiation power, as shown in Fig. 4 . The rectenna was unbiased and at a temperature of 12 K. The sensitivity was approximately 1.33 V/mW, as shown by the fit line, an order of magnitude higher than that measured at room temperature, which was ascribed to the much higher electron mobility of the 2DEG. The curve is only linear ͑or in the so-called square-law regime͒ for a power level lower than 2 W, which indicates that the dynamic I-V characteristic of the rectenna is well approximated by a parabolic curve. This is certainly true when the applied oscillating field can be considered as small signal, but by increasing the amplitude, the device is drawn in a relatively large-signal regime, which results in the observed sublinear dependence on the power.
Several devices were tested, all showing similar performances. Measurements in the microwave regime and numerical simulations ͑Silvaco͒ were also performed in order to validate the device operation principle. 1.5 THz was the highest frequency we could utilize in our setup, which might not be upper operational limit of our devices. The optimization of several design parameters is also possible, such as antenna designs that are impedance-matched to the SSD and use of semiconductor with a higher electron mobility and carrier density, e.g., InAs and InSb. There is still large room for further increasing the speed of the SSD, and our current effort focuses on extending their operation toward the middle-infrared regime. 
